transition between normothermia and hypothermia during haemorrhagic shock has 29 rarely been systematically quantified from intensive time series data. We estimated the 30 critical transition point (CTP) and provided confidence intervals for core body 31 temperature response to acute severe haemorrhage in a conscious rat model. 32
Abstract. Transition points are common in physiological processes. However the 28 transition between normothermia and hypothermia during haemorrhagic shock has 29 rarely been systematically quantified from intensive time series data. We estimated the 30 critical transition point (CTP) and provided confidence intervals for core body 31 temperature response to acute severe haemorrhage in a conscious rat model. 32
Estimates were obtained by traditional piecewise linear regression (broken stick model) 33 and compared to those from the more novel bent cable regression. Bent cable 34 regression relaxes the assumption of an abrupt point transition, and thus allows the 35 capture of a potentially gradual transition phase; the broken stick is a special case of the 36 bent cable model. We calculated two types of confidence intervals, assuming either 37 independent or autoregressive structure for the residuals. In spite of the severity of the 38 haemorrhage, median temperature change was minor (0.8 o C; IQR 0.57-1.31 o C) and 39 only four of 38 rats were clinically hypothermic (core temperature < 35 o C). However, a 40 transition could be estimated for 23 rats. Bent cable fits were superior when the 41 transition appeared to be gradual rather than abrupt. In all cases, assuming 42 independence gave incorrect uncertainty estimates of CTP. For 15 animals, neither 43 model could be fitted because of irregular temperature profiles that did not conform to 44 the assumption of a single transition. Arbitrary imposition of broken stick fits on a 45 gradual transition profile and assuming independent rather than autocorrelated error 46 may result in misleading estimates of CTP. Identification of the onset of irreversible 47
Introduction 51
Transition points are common in physiological processes. Frequently, physiological 52 responses to specific stressors will be nonlinear, with a critical threshold occurring when 53 the response is believed to change more or less abruptly at some level of the 54 independent variable. This critical transition point (CTP) is indicative of a change in 55 physiological state, and therefore may serve as a marker of that state change. Such 56 changes may be relatively innocuous, such as the so-called lactate threshold (Myers & 57 Ashley, 1997; Vachon et al., 1999) or the gas exchange threshold (Kelly, 2001) , which 58 are associated with the transition from aerobic to anaerobic metabolism. In other cases, 59
transitions indicate an undesirable pathological state change that may be impossible to 60 reverse. One example is the transition from a state of compensated to decompensated 61 shock, where oxygen extraction by the tissues is no longer sufficient to meet demand, 62 resulting in ischemic metabolic insufficiency (Schumacker & Cain, 1987 was achieved. Target SBV was calculated as 60% of the total blood volume (TBV), 151 which was estimated from body mass of each subject as TBV (mL) = 0.77 + 0.06 152 (mL/g) · M, where M is body mass (g) (Lee & Blaufox, 1985) . Blood volumes removed 153 averaged 11.8 (SD 0.5) mL. Animals were then resuscitated with one of four fluid 154 treatments as described previously, and monitored for 180 min or until cardiac collapse. 155
Two rats did not survive to receive the full resuscitation intervention. Animals surviving 156 to 180 min were humanely euthanized with Euthasol (pentobarbital, 0.3-0.4 mL kg -1 or 157 100-150 mg kg -1 , IV) (Reynolds et al., 2007) . 158
159
Core temperature was logged by remote data collection for the duration of each 160 trial, and averaged at 15 s increments ("time steps") using an exponentially-weighted 161 moving average algorithm (VitalView® Data Acquisition System; Minimitter Inc., Bend, 162 OR). Temperature records for each animal were between 127 and 246 time steps (32 to 163 62 min) long, and for this analysis included only the haemorrhage portion of each trial. 164
Models. Numerous quantitative or model-based approaches have been proposed for 166
identifying physiological thresholds; however the most common is to fit a piecewise 167 linear regression model (Berman et al., 1996) . Piecewise regression models consist of 168 where ! 0 is the baseline core temperature, ! 1 is the rate of temperature change before 181 the transition point !, ! 1 + ! 2 is the rate of temperature change after the transition point 182 !, and " t is the regression error, or residual, at time t. The model is constrained by the 183 intersection of lines at !; this point is unknown and must be estimated from data. Here, 184 the critical transition point CTP is equal to !. Autocorrelation. One key assumption of common regression-type models is that the 207 residuals " t s are independent of each other. However, with time series data, these 208 residuals are usually correlated over time; the correlation between sequential 209 observations is !. If this autocorrelation is ignored (that is, ! is naively assumed to be 210 equal to zero), width of the confidence intervals will be misleadingly narrow. In practical 211 terms, when the value of one measurement influences the determination of another, 212 then the information available from these two measurements combined is less than that 213 obtained from two independently-observed measurements. Therefore, this 214 autocorrelation must be accounted for in the model. 215
216
When time intervals are equally spaced, an autoregressive (AR) structure for the 217 residuals is often adequate; AR models are appropriate when it is reasonable to 218 assume that any currently-observed value of the series depends on immediate past 219 values, plus a random error component. Thus, the autoregressive component is a linear 220 regression of the current value of the residual at time t (" t ), where the independent 221 variables are the p previous values of the time series " t-1 , " t-2 , … , " t-p . The quantity p is 222 the "order" of the autoregression, and is a measure of the amount of memory in the 223 system. For example, an autoregressive series with p = 3 means that the current value 224 of the series is dependent on its previous p = 3 lagged values, and is said to have an 225 AR(3) structure. If there is no autocorrelation between observations (i.e. the series is 226 white noise) then p = 0. In general, the autocorrelation between sequential 227 observations y t is expressed in terms of autocorrelated residuals as 228
where # 1 ,...,# p are the AR coefficients to be estimated, and % t s are the uncorrelated 230 autoregression errors (or white noise) with variance #&. If p = 0, then " t reduces to white 231 noise % t (Box et al., 1994 by constraining " = 0; to obtain the bent cable fit, this constraint was removed. In this 242 preliminary model a "naïve" fit was obtained by assuming independent errors (i.e. p = 0). is no analytical solution, goodness of fit was assessed by visual inspection of the fitted 249 curve and residual diagnostics (Fig. 2) . If the tentatively-entertained model is correct, 250 then plots of % t over time should exhibit mean 0 and constant variance with no 251 heteroscedasticity and no departure from randomness (Box et al., 1994) . Six data series 252 required minor trimming of data (< 10 data points) on either end of the sample period to (Table 1) . For these subjects, there was reasonable 267 within-subject agreement in estimates of the transition point. Estimated CTP averaged 268 17.5 and 16.1 min respectively for the broken stick and bent cable models with 269 independent errors, and 17.7 and 15.5 min with autoregressive errors. For 9 subjects, 270 the bent cable-autoregressive model was a better fit than the broken stick-271 autoregressive model (Fig 2.A) ; discrepancies between models in estimates of CTP 272
were as large as 4 min in some cases. 2.B); however because " = 0, the resulting confidence intervals for the estimate weredegenerate. A different type of degeneracy resulted from bent cable fits where the slope 279 never changed sign, so that CTP is undefined and the corresponding confidence 280 intervals could not be computed. For subjects where CTP estimates were virtually 281 identical between methods, visual inspection of graphics and residuals (Fig.3)  282 suggested the most appropriate model fit. 283
For all 23 series, the data showed statistically significant correlation. The 284 autoregressive order p was between 2 and 4 for 19 cases, and between 5 and 7 for four 285 cases (Table 1) , indicating a time-dependent "persistence" (Santer et al., 2008) , or lag, 286 of between 30 sec to almost 2 min. When autoregressive error was incorporated into 287 the full model, confidence intervals from broken stick fits were substantially narrower 288 than those from bent cable fits (Table 1) . Estimates of CTP obtained from broken stick 289 models appeared to be sensitive to the accounting of autocorrelation in the error 290 structure. This was suggested by the observation that in many cases CTP and 291 corresponding confidence intervals differed considerably between models incorporating 292 autoregressive errors (that is, p > 0) compared to those assuming independence (p = 0; 293 Table 1 In this study we evaluated time-dependent patterns of body temperature 306 regulation during haemorrhage in rats, with models assuming the existence of a defined 307 transition between relative normothermia and the onset of core temperature depression. 308
Methods were based on a regression model incorporating the novel use of bent cable 309 regression (with its relaxed assumptions as to the smoothness of the transition region), 310 together with parametric time-series models (to correct estimation problems associated 311 with residual autocorrelation). Although only four animals could be considered 312 technically hypothermic at the end of haemorrhage, threshold models could be fitted to 313 data for approximately two-thirds of the subjects in this study. These data showed that 314 even subtle changes in core temperature can be detected during intensive monitoring. assumed that the transition is abrupt and clearly demarcated, and tacitly assumed thatthe data on each subject consisted of independent observations (because potential 325 autocorrelation was not explicitly accounted for in the models). In this study, we 326 demonstrated that ignoring the shape of the transition region could affect estimates of 327 the transition time. Uncritical use of ! estimated from the broken stick model could 328 impede timely recognition of the transition recognition if an abrupt transition is assumed, 329 but the transition is actually gradual. Second, we showed that, if the correlation between 330 sequential observations is ignored, calculated confidence intervals are often 331 misleadingly narrow, giving a false impression of the precision of the estimates. In this 332 study, the assumption of independent and identically-distributed errors was not valid for 333 any subject. Although theoretical considerations suggest (and our data show) that 334 ignoring autocorrelation will in many cases yield estimates of ! and CTP consistent with 335 those obtained by incorporating autocorrelation in the final model, precision is greatly 336 affected by failure to incorporate appropriate error structure. Consequently, we consider 337 that autocorrelation between observations should be incorporated as part of the model, 338
and conditional maximum likelihood estimation applied for parameter estimation. If 339 within-subject autocorrelation is negligible or absent, the parameters of the broken stick 340 model can be estimated for each subject by using any standard nonlinear estimation 341 procedure, and confidence intervals for ! obtained using asymptotic standard errors. 342
However, for long data series sampled at frequent short time intervals, autocorrelation is 343 unlikely to be trivial, and these standard errors will not be reliable. 344
345
When autoregressive errors were incorporated into the models, confidence 346 intervals for CTP derived from broken stick fits were narrower than those from bentcable fits. This result does not suggest that estimates derived from broken stick models 348 are inherently less uncertain than the bent cable fits; rather this apparent "precision" is 349 most likely an artefact of the more restrictive assumptions associated with the broken 350 stick model. Specifically, when an abrupt breakpoint estimate is forced on a relatively 351 smooth or gradual profile, the range of time steps required to bracket that estimate will 352 be necessarily much smaller than those required for a smooth curve. In these cases, 353 the broken stick fit could result in estimates of CTP and confidence intervals that poorly 354 represent the observed profile. 355
356
Typically, effective fitting of autoregressive models requires at least a moderately 357 long series; in general at least 50 observations are recommended (Box et al., 1994; 358 Chatfield, 1996) . In practice, this should be feasible if subjects are appropriately 359 instrumented, and physiological data can be obtained as a single long intensive time 360 series. In this study, data were sampled at extremely short (15 s) time intervals so that it 361 was possible to capture the transition region and visually assess the adequacy of each 362 model fit to the transition point. 363
364
To arrive at the actual "best" solution for a transition point requires a great deal of 365 care, essentially consisting of an exhaustive search among the numerous "near-best" 366 solutions for identifying the actual "best" solution. In a few cases, truncation or trimming 367 a small number of data points at the end of the core temperature profile will allow 368 sensible model fits. In this study, trimming was employed for six subject profiles ( Table  369 1). However, model estimates may not be possible if the physiological profile for a givensubject does not exhibit a structure that resembles either biphasic model described 371
here. For 15 cases examined in this study, no thermoregulatory transition could be 372 clearly distinguished, and neither model provided a sensible fit. In these cases, 373 mathematical irregularities of the regression arising from low-order differentiability will 374 prevent estimation of model parameters (Chiu et al., 2002, 2005, 2006) . These may 375 occur because of excessive oscillations in the data series (Fig. 4) . In these cases, even 376 haemorrhage may result from enhanced activity of, and feedback from, the sympathetic 385 system, as is the case for arterial pressure oscillations during haemorrhage (Hosomi, 386 1978) . Thus, uncritical use of any biphasic regression model is not recommended 387 without visual inspection of the data beforehand. 388
389
If a transition region can be determined to exist based on external criteria, some 390 otherwise intractable problems of individual model fits might be overcome by combining 391 data for all individuals using a single longitudinal mixed-effects model. This will be 392 appropriate if estimates of population characteristics, rather than subject-specificquantities, are desired. For example, to compute the subject-specific transition point for 394 each individual profile in this study there were five regression parameters (' 0 , ' 1 , ' 2 , ", 395 !), plus p autoregressive parameters and an error variance to be estimated. However, if 396 all n individual profiles can be considered collectively as a sample from a population, a 397 single population cable profile with (5 + p) unknown parameters, plus a handful of 398 covariance parameters, could be estimated from the pooled data for all n subjects; this 399 leads to a single estimate of the population transition point. The two approaches differ 400 because random between-subject variation is incorporated in the mixed-effects model 401 A. Plot of core temperature profile for rat 11. The bent cable fit is clearly a better representation of the transition than the broken stick model; estimated " is nonzero.
B. Plot of core temperature profile for rat 12. Here both the bent cable and the broken stick models give identical fits; estimated " for the bent cable model is zero. A B
